crossing barrier have been unsuccessful ( [5] and our unpublished observation).
Hybrid seed failure in the At 3 Aa cross is characterized by endosperm overgrowth and arrested or altered embryo development. This feature is shared with many interspecies crosses, as well as with intraspecific crosses in which the father has higher ploidy than the mother [5, 6] . Bushell et al. observed that, as is true for interploidy crosses [12] , demethylating the A. thaliana genome decreased hybrid seed viability [5] . Their interpretation was that DNA methylation was required for imprinting A. thaliana genes required for hybrid viability. Crosses between diploid (2x) A. thaliana and tetraploid (4x) A. arenosa, which increase the relative dosage of paternal A. arenosa contributions, also resulted in complete sterility [5, 10] . These observations are reminiscent of the dosage dependence of interspecies fertility in cereals, potatoes, and tree frogs. In these cases, one can achieve optimal cross fertility by increasing the ploidy of one species above that of the other [13] [14] [15] [16] .
To test the possibility that creating a ploidy imbalance favoring maternal dosage (4x 3 2x) could improve hybrid seed fertility, we acquired a wild-collected diploid accession of A. arenosa. Hybrid crosses at all ploidy levels, including 2x At 3 2x Aa and 4x At 3 2x Aa (A. thaliana ecotype Ler was used in all crosses), were performed (Table 1) . Incompatibility in the At 3 Aa cross was affected by parental genomic dosage. Maternal genomic excess (4x 3 2x) strongly suppressed incompatibility in Arabidopsis hybrids, producing many more live seed than crosses of equal ploidy (p < 0.0001). Similar to findings of previous reports, crosses between A. thaliana and A. arenosa of the same ploidy (2x 3 2x and 4x 3 4x) resulted in more than 90% seed death, and paternal genomic excess (2x 3 4x) was completely lethal [5, 10] . The strong effect of the relative dosage of maternal and paternal genomes on seed viability demonstrates that factors contributed differentially by the two parents affect viability in the hybrid offspring [2, 3, 16] .
The observation that unequal combinations of parental genomes produce the best outcome is consistent with decades-old observations in oats and potatoes [13, 14] . In the case of the potato, endosperm failure is thought to underlie the incompatibility response and prompted the formulation of the Endosperm Balance Number (EBN) theory. This theory states that the outcome of interspecific matings is not determined directly by the parental ploidy level but by the relative quantities of regulatory factors contributed by the parents. Modulating parental dosage can similarly affect hybrid viability in tree frogs, genus Hyla, and interspecific crosses are more likely to produce viable offspring when the female is in genomic excess [15, 16] . Hybrid embryos from incompatible 2x 3 2x crosses die at the gastrula stage, which is the time when the paternal genome becomes activated [17] . It was suggested that the extra dosage of developmental factors provided by tetraploid females overrides incompatible gene interactions [16] as might be caused by Dobzhansky-Muller (D-M) incompatibility [1, 18, 19] . Another possible interpretation is that the maternal cell contributes essential factors for activating and regulating the paternal genome [2] . An insufficient dosage of maternal regulators relative to paternal targets could lead to regulatory breakdown, as is the case for hybrid dysgenesis in Drosophila [20, 21] . Molecular expression data are not yet available in either the potato or tree frog hybrid, and interploidy crosses have not been exploited for this purpose in Drosophila. The Arabidopsis interspecific cross provides a tractable model system where the molecular mechanism of dosage-sensitive incompatibility can be explored.
The Paternal Retrotransposon ATHILA Is Upregulated in a Dosage-Sensitive Manner in Hybrid Crosses We asked whether mating failure is associated with regulatory alterations. Chromatin state, in particular, is known to be sensitive to the dosage of regulatory factors [22] . It has been hypothesized that genomic imbalance could affect heterochromatin maintenance in the hybrid crosses [2, 23, 24] . To test this, we investigated the expression of heterochromatic repeats during hybrid seed development. The ATHILA retrotransposon is the predominant pericentromeric element in Arabidopsis [25] . Using degenerate primers designed to amplify a segment from ATHILA elements, we found very low levels of ATHILA expression in RNA isolated from A. arenosa siliques (the seed pods) but not A. thaliana self-crosses. ATHILA expression was strongly induced in hybrid siliques ( Figure 1A ) and could be detected as early as 1 day after pollination (data not shown). This induction was sensitive to genomic dosage and paralleled the changes in hybrid viability. The lowest expression was found in the most compatible (4x 3 2x) cross ( Figure 1B ). In addition to ATHILA, we surveyed the expression of five other transposable elements by RT-PCR (Ta3, Tar17, CACTA, MULE, and SUNFISH). None of these elements showed transcriptional activation in the hybrid cross (data not shown), suggesting that upregulation of transposable elements is not a general phenomenon in A. thaliana 3 A. arenosa crosses.
The induction of ATHILA in hybrid seed resembles hybrid dysgenesis in Drosophila melanogaster. In crosses between wild and laboratory strains of Drosophila, male-derived transposable elements were activated in hybrid progeny [26] . This happened because maternally contributed repressive small interfering RNAs (siRNAs) were unable to repress paternally derived transposons [20, 21] . Transposon expression in these hybrids was sensitive to maternal siRNA dosage in the egg because of the absence or insufficient copy number of the corresponding transposable element in the maternal genome [20, 21, 26] .
We determined the parental origin of ATHILA transcription in hybrid Arabidopsis seed. Cloning and sequence analysis of genomic ATHILA fragments from A. thaliana and A. arenosa demonstrated two species-specific clades of ATHILA elements ( Figure 1C ; also Figure S2 in the Supplemental Data available with this article online). All of the 25 cloned cDNA fragments amplified from developing hybrid siliques were derived from the paternal A. arenosa genome. The degenerate primers used to amplify ATHILA show a slight preference for the A. arenosa elements (data not shown), potentially introducing bias against maternally derived transcripts during PCR amplification. Primers were designed to specifically amplify either A. thaliana or A. arenosa ATHILA elements (genomic DNA PCR in Figure  1D ). RT-PCR with primers specific to A. arenosa ATHILA confirmed the upregulation of these elements in hybrid crosses. RT-PCR with the A. thaliana-specific primers produced no signal in interspecific crosses ( Figure 1D ), demonstrating that maternal A. thaliana ATHILA are not activated in the hybrid cross. Thus, similar to the situation in Drosophila, the observed activation of ATHILA in interspecific crosses involved derepression of paternally encoded elements.
The dosage sensitivity evident from our results suggests molecular explanations similar to the Drosophila hybrid dysgenesis phenomenon. The divergence between A. thaliana and A. arenosa ATHILA elements might underlie functional differences resulting in paternal-specific activation. In addition, the A. arenosa genome is roughly 30% larger than that of A. thaliana, and Southern-blot hybridization indicates that it contains more ATHILA elements than A. thaliana (data not shown). It is possible that either the lower copy number of ATHILA or a decreased competence for expression in A. thaliana, results in insufficient production of siRNA. This could explain the derepression of ATHILA in the genomically balanced hybrid crosses and quiescence in the maternal-excess hybrid crosses. Alternatively, the sequence divergence between A. thaliana and A. arenosa ATHILA elements might reduce the specificity of the maternally (At) contributed siRNA so that a higher input is required to achieve silencing of paternal elements. [27, 28] . Interestingly, histone methylation mediated by the Eed gene, orthologous to the Arabidopsis PRC gene FIE, is involved in imprinting a subset of the imprinted loci in Mus musculus [29, 30] . Loss of PRC function leads to endosperm overgrowth and seed death, similar to the phenotype of hybrid Arabidopsis crosses [5, 31, 32] . A critical target of the MEA PRC is the PHERES1 gene, which becomes overexpressed in mea and fie mutants. Antisense suppression of PHE1 partially rescues the seed death caused by a loss of mea function [27] . The similarity among mea, fie, and hybrid seed phenotypes prompted us to investigate the effect of interspecies hybridization on PHE1 expression in developing seed. RT-PCR analysis showed that both PHE1 and a second target of the PRC, MEO [27] , were upregulated in hybrid crosses. In both cases, the upregulation was dosage-dependent ( Figure 2A ; also Figure S1A ), and the highest expression was observed in the lethal paternal-excess (2x 3 4x) cross. PHE1 is an imprinted gene, and repression of the maternally inherited copy is dependent on the PRC complex containing MEA and FIE [28] . We determined the parental origin of PHE1 transcripts in the hybrid crosses. We used a restriction enzyme polymorphism between the A. thaliana and A. arenosa PHE1 alleles to determine the allelic contribution of each parent to cDNA amplified from RNA isolated from hybrid seeds. PHE1 cDNA from developing hybrid seeds 8 days after pollination (dap) was efficiently cleaved by DdeI, indicating that it was primarily derived from the maternal A. thaliana allele ( Figure 2B) . Transcripts from two genes that are not differentially regulated in the hybrid crosses were genotyped for comparison to PHE1 ( Figure 2B ). The A. thaliana and A. arenosa ROC1 (cytosolic cyclophilin) and ACT2 alleles are polymorphic for BamHI and FokI, respectively. Restriction digests of cDNA-derived PCR product from hybrid and self-crosses indicate that both genes were predominantly expressed from the maternal alleles, consistent with the extra dosage of maternal chromosomes in the endosperm and a delay in transcription from the paternal genome [33] . Thus, the origin of PHE1 transcript in the hybrid cross is consistent with loss of imprinting at the maternal PHE1 locus.
The expression pattern of the maternal PHE1 allele was further investigated. A. thaliana lines carrying a transcriptional fusion between the PHE1 promoter and the reporter gene GUS (pPHE1-GUS) [27] were crossed to A. arenosa, and the pattern of GUS-staining was compared to that of intraspecific controls 5 days after pollination (dap). The results indicate a loss of maternal PHE1 imprinting in hybrid seed ( Figure 2C ). GUS expression in the nonpermissive hybrid crosses varied between individual seeds, and upregulation of pPHE1-GUS was observed in both embryos and endosperm. As expected, the most permissive hybrid cross (4x 3 2x) showed very low GUS expression, similar to that in the intraspecific A. thaliana control crosses ( Figure 2C ). Based on the RT-PCR data (Figure 2A) , which demonstrate ectopic expression of PHE1 at days 6 and 8 after pollination in the 4x A. thaliana 3 2x A. arenosa cross, we predict that more pPHE1-GUS staining would be RT-PCR analysis of PHE1 expression in siliques at 2, 4, 6, and 8 days after pollination (dap). PHE1 expression is highest in the lethal 2x At 3 4x Aa cross. The permissive 4x At 3 2x Aa cross shows levels of PHE1 expression similar to that of the control self-crosses. ACT2 was used as a loading control. Abbreviations are as follows: At, A. thaliana; Aa, A. arenosa; 2, diploid, and 4, tetraploid. (B) Genotyping of transcripts from developing hybrid siliques. A restriction polymorphism allowed discrimination between A. thaliana and A. arenosa PHE1 transcripts. cDNA-derived PCR product from the hybrid crosses and PCR product derived from A. thaliana and A. arenosa genomic DNA (gDNA) were treated with DdeI. The restriction pattern of hybrid PHE1 cDNA indicates a predominantly maternal origin of the transcript. Transcripts from two genes (ROC1 and ACT2) that are not upregulated in the hybrid compared to the self-crosses were genotyped for comparison to PHE1. cDNA-derived PCR products of ROC1 (cytosolic cyclophilin) and ACT2 were treated with BamHI and FokI, respectively. Restriction digests from the hybrid and self-crosses indicate a predominantly maternal origin of ROC1 and ACT2 transcripts, consistent with a delay in paternal genome activation. (C) Analysis of maternal pPHE1-GUS activation in hybrid seed. Diploid and tetraploid A. thaliana carrying a pPHE1-GUS construct were crossed to A. arenosa and to wild-type A. thaliana. GUS expression was strong and stochastic in the highly lethal (2 3 4, 2 3 2, 4 3 4) hybrid crosses but showed levels comparable to the intraspecific control crosses in the permissive (4 3 2) cross. The GUS activation demonstrates that the maternal PHE1 allele is upregulated and dosage-sensitive in the hybrid crosses.
observed at time points after 5 dap. Because PHE1 expression increased with the relative dose of paternal genomes, we wondered whether the paternal genotype was critical or if an excess of paternal A. thaliana was sufficient for PHE1 induction. We found that pPHE1-GUS is not induced in A. thaliana interploidy selfcrosses, indicating that imbalance in ploidy is not sufficient to activate maternal PHE1 ( Figure 2C ). We concluded that a factor contributed by A. arenosa in direct proportion to its genomic dosage is primarily responsible for PHE1 activation.
Overexpression of PHE1 and MEO in the hybrid seed could be due to a failure of the PRC as a result of insufficient MEA. We investigated MEA expression in hybrid and control crosses by RT-PCR. MEA transcription was elevated in the most incompatible (2x 3 4x) cross, compared to self-crosses, but upregulation was not as strong as that of PHE1 and MEO (Figure 2 ; also Figure S1A ).
In A. thaliana seeds, MEA is predominantly expressed in the endosperm, where it is paternally imprinted via a histone H3-K27 methylation mark [34] [35] [36] . Recently, maternal MEA was shown to regulate its own imprinting on the paternal chromosome [35, 36] . If PHE1 and MEO are upregulated because of a failure of the PRC, then imprinting at the paternal MEA allele should be disturbed, and MEA should be upregulated in hybrid seeds. If imprinting is not lost, RNA extracted from whole seed is expected to contain MEA transcript from maternal chromosomes in the endosperm and embryo and a small fraction of paternally derived message from the embryo [34] . Changing relative parental contribution, such as in the 2x 3 4x cross, still favors maternal provision from the two active maternal alleles in the endosperm plus one in the embryo over the two paternal alleles in the embryo. At 6 dap, hybrid embryos are at the globular stage and small relative to the endosperm (our unpublished observations and [5] ). Thus, a maternal bias of MEA transcripts is expected. Yet, in 2x 3 4x hybrid seeds a larger fraction (greater than 4-fold excess) of the MEA transcript was derived from the paternal A. arenosa allele ( Figure S1B ). Consequently, either the paternal alleles in the embryo are expressing MEA at a very high level, or the paternal alleles in the endosperm have become deregulated and this deregulation has given rise to a higher-than-expected level of paternal transcript in the hybrid seed. In either case, negative regulation of the paternal MEA alleles, which requires PRC function [35, 36] , appears to be subverted. The parent-specific and dosage-dependent activation of the maternal PHE1 and paternal MEA alleles, as well as the activation of MEO, are most parsimoniously explained by a failure of PRC function.
Loss of imprinting in hybrids has been previously documented in Peromyscus (deer mouse) hybrids, where interspecies crosses are associated with biparental loss of imprinting and abnormal growth of the embryo and placenta [37, 38] . Our results extend these findings to flowering plants and indicate that loss of imprinting is sensitive to the dosage imbalance of maternal and paternal factors contributed to the zygote. A role for parental imprinting in interspecies hybridization barriers was predicted by the kin-conflict models of Haig and coworkers [3, [39] [40] [41] . These models all operate under the assumption of additive expression of the imprinted genes [2, 3, 40] . Incompatibility arises from an inappropriate dose of imprinted gene product provided from the appropriate parent. The loss of imprinting described here for Arabidopsis, and elsewhere for Peromyscus [37, 38] , exhibits expression heterosis, or higher expression levels in the hybrid than for either parent, which is a form of nonadditive gene expression. This striking, but unforeseen, similarity suggests that similar forces may be shaping the species barrier in both systems.
Upregulation of Maternal PHERES1 Functionally Contributes to Hybrid Seed Death
We tested whether the upregulation of maternal PHE1 played a causal role in hybrid seed failure. If loss of silencing and subsequent overexpression of PHE1 from the maternal genome contributes to postzygotic incompatibility in Arabidopsis, then deletion of PHE1 should suppress hybrid seed death. The A. thaliana mutant phe1-1 (CSHL line ET189) contains a Ds transposon insertion in PHE1, and this insertion should result in complete loss of function [28] . We tested diploid and tetraploid derivatives of phe1-1 in crosses to A. arenosa (Table 1) . Both diploid and tetraploid phe1-1 seeds were viable and somewhat smaller than wild-type controls, demonstrating that phe1-1 did not differentially affect tetraploid seed development. Seed death was reduced in maternal excess crosses involving the phe1-1 mutant as compared to wild-type controls (p < 0.0001). The genomically balanced hybrid crosses involving phe1-1 also displayed a reduction in seed death. Although the trends were in the same direction, only the tetraploid cross was statistically significant (2x 3 2x, p = 0.07; 4x 3 4x, p < 0.0001). This may be an issue of statistical power, or the diploid A. arenosa could have a slightly higher EBN per genome equivalent than the tetraploid. The PHE1 knockout caused no reduction in seed death in the lethal paternal-excess cross (p = 0.7564). In this cross, the benefit of reducing PHE1 overexpression may be insufficient to suppress lethality induced by other pathways. Indeed, the presence of residual seed death in all the crosses to phe1-1 indicates that factors other than PHE1, perhaps ATHILA or MEO, also contribute to the incompatibility response. These results demonstrate that PHE1 overexpression significantly contributes to seed death in the hybrid Arabidopsis cross.
In summary, we have demonstrated the dosagedependent loss of silencing of the paternal retrotransposon ATHILA and the PRC-regulated genes PHE1, MEO, and MEA and showed that PHE1 deregulation significantly contributes to hybrid seed failure. Our data suggest that the negative effect of demethylation on the hybrid outcome observed by Bushell et al. [5] was due to an increased loss of silencing, which, compounded with the loss of silencing caused by hybridization, resulted in greater seed lethality.
Dobzhansky and Muller proposed that postzygotic incompatibility derives from negative epistatic interactions between diverged alleles of at least two different genes (D-M interactions) [18, 19] . Typically, such divergence is assumed to involve protein sequence variation, but it could also encompass copy number or expression changes that, alone or in combination with structural changes, result in dosage-dependent effects [1, 2] . If one major, but pleiotropic, pathway such as chromatin maintenance is responsible for lethality in the hybrid cross, then increasing the maternal genomic contribution might overcome the problem of postzygotic incompatibility. Failure of chromatin maintenance could potentially unify the observations of hybrid incompatibility made in such diverse systems as frogs, mice and fruit flies and would not be limited to plants.
We denote a model that could explain chromatin mediated hybrid failure as ''Dosage-Dependent Induction (DDI)'' (Figure 3) . Accordingly, parents contribute differential amounts of interacting components to the developing zygote and proper development requires that these components be in balanced proportions. The DDI model hypothesizes that female and male differ in the amount of regulator and target sites, which could have diverged in expression level or copy number during speciation [2] . The female gamete must provide a sufficient quantity of repressive factors to saturate the available binding sites in the male gamete. If insufficient repressor is contributed, derepression of regulated loci occurs, regardless of parental origin. In Arabidopsis, deregulation of PHE1, MEO and MEA may depend on insufficient amounts of functional polycomb repressive complexes. ATHILA activation, on the other hand, may result from a lack of specificity or availability of maternally contributed siRNA, as has been shown for Drosophila hybrid dysgenesis [42] . The availability of molecular and genetic tools for the postzygotic incompatibility system of Arabidopsis should allow experimental testing of these models and facilitate a comprehensive comparison of different postzygotic incompatibility systems.
Conclusions
We have shown that seed survival in hybrid Arabidopsis is strongly affected by parental genome dosage. A maternal-excess cross (4x A. thaliana 3 2x A. arenosa) produced the greatest proportion of viable seed. Viability of hybrid crosses correlated directly with the degree of deregulation of paternally encoded ATHILA retrotransposons and the PRC-repressed genes PHE1, MEO, and MEA. PHE1 is normally paternally expressed and maternally silenced, but PHE1 transcript in the hybrid seed was predominantly of maternal origin. Maternal PHE1 deregulation functionally contributed to hybrid seed death; knocking out maternal PHE1 rescued hybrid seed survival. This report provides an example of a molecular factor, PHE1, underlying the postzygotic isolation mechanism between recently diverged species of Arabidopsis and proposes a universal chromatinbased model for postzygotic incompatibility in plant and animal taxa. Parents must contribute factors that are appropriate in quality and quantity to the zygote [2] . Maternally contributed chromatin repressors are severely deficient in 2x At 3 4x Aa crosses and deficient in genomically balanced crosses but adequate in 4x At 3 2x Aa crosses. We propose a model in which the quantitative interaction of maternal and paternal factors explains the dosage sensitivity. In this example, the maternal gametophyte (the egg sac) contains limited amounts of chromatin regulators, such as Polycomb complexes and silencing RNAs. After fertilization and karyogamy, the condensed paternal genome is unpackaged and partitioned into repressed and expressed chromatin domains. If there are insufficient regulatory factors for the total number of target sites, titration and redistribution of these factors will occur. As a result, maternal and paternal target sites will escape silencing and become activated.
